Obtaining an accurate diagnosis of fetal aortic arch anomalies is often difficult with traditional two-dimensional (2D) sonography. Thus, the aim of this study was to assess the value of three-dimensional (3D) sonography with spatiotemporal image correlation for diagnosing fetal aortic arch anomalies using a novel algorithm for 3D volume analysis.
(DAA) model introduced by Edwards 4 in 1948. Numerous congenital variants may present during aortic arch development, as illustrated in Figure 1 . Certain types of aortic arch anomalies may form a complete or incomplete vascular ring surrounding the trachea and esophagus, producing symptoms that require surgery. In other cases, no apparent symptoms of mediastinal compression are noted, and aberrant subclavian arteries are thought to be associated with chromosomal abnormalities. [5] [6] [7] Thus, it is critical to identify these arch anomalies and propose management.
For traditional two-dimensional (2D) sonography, the three-vessel and trachea (3VT) view shows the aortic arch position relative to the trachea. 8 However, additional scanning for areas above the 3VT view is necessary to delineate brachiocephalic patterns, and this is challenging for most fetal sonographers. Three-dimensional (3D) applications in fetal cardiac ultrasound provide an additional modality to evaluate fetal cardiac structures. Unlike electrocardiographically gated real-time 3D echocardiography for adult examinations, fetal cardiac 3D sonography is a motion-gated cardiac scanning technique using spatio-temporal image correlation (STIC), which allows the acquisition of fetal cardiac volumes in a single sweep, and an infinite number of cardiac planes can be consequently retrieved from the volume data by offline processing. 9 When highdefinition flow imaging (HDFI) information is included in the cardiac volumes, it is possible to obtain valuable planes or reconstructed 3D images of the cardiac vessels of interest using a proper algorithm for volume postprocessing, which might benefit the prenatal diagnosis of arch anomalies.
The aim of the present study was to investigate the added benefit of 3D sonography compared with current 2D assessment in the detection and diagnosis of fetal aortic arch anomalies. We tested a novel algorithm for 3D volume postprocessing and expected that 3D offline analysis would permit more consistent definition of aortic arch anomalies on fetal echocardiography.
METHODS

Study Population
We performed a retrospective review of all fetal echocardiograms obtained at our institution between 2012 and 2017, and 5,535 cases were found in our database. In these patients, we performed an additional search for cases with postnatal or postmortem confirmations and found 2,072 cases. For the 2,072 patients, we further searched for those with 3D HDFI volume data available and found 675 cases, of which 300 were confirmed with normal cardiac structures. In addition, patients with aortic arch anomalies were identified by searching the database using the key words ''double aortic arch (DAA),'' ''right aortic arch (RAA),'' ''malposition of aortic arch,'' ''aberrant subclavian artery,'' ''aortic arch anomalies,'' and ''vascular ring.'' Thirty fetuses with aortic arch anomalies and normal fetuses with 3D HDFI volume data were enrolled in the present study ( Figure 2 ).
Ethical Approval
This study was approved by the ethics committee of Shengjing Hospital of China Medical University. Written informed consent was obtained from the parents for publication of clinical details, clinical images, and videos.
Conventional Fetal Echocardiography
All fetuses with normal or abnormal cardiac structures were examined using 3D ultrasound systems (Voluson E8 and Voluson E10; GE Healthcare, Zipf, Austria), all equipped with 2-to 8-MHz transabdominal 3D transducers and STIC. All patients underwent standard fetal cardiac studies in which four transverse views were scanned according to American Institute of Ultrasound in Medicine guidelines 10 for fetal echocardiography. Color Doppler was used to enhance morphologic information and to enhance vessels and blood directions in each plane. The aortic arch position relative to the trachea was determined in the 3VT view. When an aberrant right subclavian artery (ARSA) was noted, the vessel arose from the descending aorta and ran behind the esophagus to the right of the fetal arms. If RAA was suspected with the 3VT view, we tried to identify the vessel originating from the left side of the ascending aorta and trace its branches and destination ( Figure 3) . Videos depict the scanning procedure in more detail for RAA with aberrant left subclavian artery (ALSA; Video 1 available at www.onlinejase.com), RAA with mirror-image branching (MIB; Video 2 available at www.onlinejase.com), and DAA (Video 3 available at www.onlinejase.com). In addition, intended oblique scanning around the 3VT view was performed to find retroesophageal left subclavian arteries when RAA was suspected. All image data for detailed scanning were recorded and stored as digital video clips.
Three-Dimensional Volume Acquisition
All volume data sets were obtained using parasagittal sweeps with HDFI only. The time acquisition lasted between 7.5 and 15 sec, and the acquisition angle varied from 30 to 40 (depending on the fetus size). Data sets were stored on a compact disc for offline analysis with 4D Viewer version 14.0 (GE Medical Systems, Zipf, Austria).
Three-Dimensional Volume Postprocessing
All volume data sets were displayed using the multiplanar modality, which allowed simultaneous display of images in three orthogonal planes. Panels A, B, and C in Figure 4A indicate sagittal, transverse, and coronal planes, respectively. The slice position was adjusted in panel A to ensure the visualization of a complete arch, with the reference point moved to the initial part of the descending aorta. The y axis in panel A was rotated by 690 to present the transverse plane (3VT view) in this panel. Then the z axis was rotated to create a spine located at the 6 o'clock position in panel A. The images in panel B were in the sagittal plane, with the neck vessels consistently (to standardize the protocol) located at the 3 o'clock position in this panel, which ensured a cephalic and supine subject. Because the left and right sides of the fetus could be identified by fetal position to the Tomographic ultrasound imaging (TUI) was then performed using the transverse view as the reference plane, and the aortic arch position relative to the trachea was shown in serial axial slices ( Figure 4B ).
Coronal TUI slicing was also performed to show the origin of brachiocephalic arteries in consecutive slices ( Figure 4C ). An aberrant subclavian artery was consistently shown in the last several slices if it existed. Rendering was performed with the region of interest direction set to up/down and 3D rotation direction to the left side. The 3D image was optimized by enlarging the size of the region of interest in panel C, reducing the thickness of the region of interest in panel B, and adjusting the slice position to upward/downward in panel C. A combination of smooth surface and gradient light algorithms, and postprocessing adjustments, was adopted to improve image quality. The arch and the origin of the neck vessels could be visualized in space in the 3D color-rendered image ( Figure 4D ). Because the perspective of the 3D rendered image was posterior/anterior, the left/right orientation in panel D was opposite to that in panel C. The algorithm for volume postprocessing is introduced in detail in a normal fetus in Video 4 (available at www.onlinejase.com).
Postnatal Confirmation
All patients enrolled in the present study had undergone postnatal echocardiography (except for two fetuses with postmortem Figure 1 Schemes of the embryonic development of the aortic arch. Schematic depicting a hypothetical DAA model introduced by Edwards, 4 which illustrates that two aortic arches, right and left, connect the ascending and descending aortas. If the situation persists without regression of either side of arch, the DAA is formed (A). In normal development, the LAA and left ductus persist, and the RAA distal to the origin of the right subclavian artery (RSA) and the right ductus regress (B). If the regression presents between the origins of the right common carotid artery (RCCA) and the RSA on the RAA, the RSA can only connect with the descending aorta, forming an ARSA (C). On the other hand, if the left arch regresses while the right arch is conserved, then the RAA is formed. If the regression presents between the origins of the left common carotid artery (LCCA) and the left subclavian artery (LSA) on the LAA, the LSA can only connect with descending aorta, which is the ALSA (D). The proximal part of the ALSA carries blood from the ductus into the descending aorta, and it is wide in dimension. The dilated proximal part of the ALSA is called the aortic KD. If the disruption of the LAA occurs distal to the origin of the LSA, an RAA with MIB is formed (E).
HIGHLIGHTS
Prenatal diagnosis of aortic arch anomalies is challenging with 2D echocardiography. 3D STIC provides better sensitivity and accuracy for diagnosing fetal arch anomalies. A novel algorithm for volume postanalysis ensures reliable 3D reconstruction. confirmation). Computed tomographic angiography was performed in only a small number of these patients, under the recommendation of a pediatrician or cardiothoracic surgeon. In fact, postnatal echocardiography was used as the main determinant of the true aortic anatomy in the current study.
Image Analysis and Interpretation
All analyses were performed blinded to the patients' information, prior sonographic imaging reports, and the findings of follow-up. An echocardiographer with 5 years of experience was selected to read the scans to identify all malformations, and before the study, he underwent a 1-week training session to learn the algorithm for 3D volume analysis. For each case, all the 2D videos recorded in the database, along with the 3D STIC volume, were available for review and analysis. The echocardiographer retrospectively reviewed the 2D videos and made a diagnosis (2D modality). Four weeks later, he analyzed the 3D volumes using the proposed algorithm and then made a diagnosis (3D modality) in a second session. All normal and abnormal cases were randomly presented at each session. For an accurate diagnosis of aortic arch anomalies, delineation of aortic arch position and branching is required. For example, for a fetus with RAA with ALSA, if the examiner only made the diagnosis of RAA, it was recorded as ''correct diagnosis of arch position,'' ''incorrect diagnosis of aberrant aortic branching patterns,'' and ''incorrect diagnosis of aortic arch anomalies.''
Statistical Analysis
The sensitivity, specificity, and accuracy of both modalities were calculated for the aortic arch position, aberrant brachiocephalic patterns, and aortic arch anomalies. A c 2 test was used to identify significant differences in sensitivity, specificity, and accuracy between the modalities. P values < 0.05 were considered to indicate statistical significance.
Assessment of intra-and interobserver variability was performed in 15 randomly selected fetuses with arch anomalies and 150 normal fetuses. The same echocardiographer and a second one (with similar experience) reviewed and analyzed identical videos and STIC volumes several months later for determination of intra-and interobserver variability, respectively. Inter-and intraobserver agreement for evaluating both modalities was assessed using k statistics and interpreted as follows: <0.20, poor agreement; 0.20 to 0.40, fair agreement; 0.41 to 0.60, moderate agreement; 0.61 to 0.80, good agreement; and 0.81 to 1.00, excellent agreement. All statistical analyses were computed using SPSS version 20.0 (SPSS, Chicago, IL).
RESULTS
We performed 5,535 fetal echocardiographic examinations between 2012 and 2017. Aortic arch anomalies were noted in 33 fetuses (0.6%). For these 33 patients, one fetus without 3D volume data and another two pregnancies lost to follow-up were excluded from. In total, 30 cases of fetal aortic arch anomalies were enrolled, all with 3D HDFI data available. In addition, 300 fetuses with 3D HDFI data available were confirmed as having normal cardiac structure during the period from 2012 to 2017. These fetuses were also included in the present study ( Figure 2 ). Neonatal echocardiography was performed for all patients prenatally diagnosed with congenital heart disease (CHD). A pediatrician or cardiothoracic surgeon recommended further examinations if needed. In the postnatal echocardiographic studies, two cases (0.04%) of ARSA were missed during pregnancy, and these were not included in the analysis, because no 3D volume data were available. The parents refused karyotype analysis, and subjects were asymptomatic.
Several groups of vascular malformations were found in the 30 fetuses with aortic arch anomalies, including four cases of DAA, 18 cases of RAA with ALSA, three cases of RAA with MIB, one case of retroesophageal RAA, and four cases of left aortic arch (LAA) with ARSA. The reasons for fetal echocardiography in these 30 fetuses included four cases in which CHD was suspected during routine Figure 2 Fetal enrollment in the present study. This figure is a flowchart showing the strategies by which we searched for the database to enroll the study population. Asterisk indicates identification of fetuses with arch anomalies using the keywords ''double aortic arch (DAA),'' ''right aortic arch (RAA),'' ''malposition of aortic arch,'' ''aberrant subclavian artery,'' ''aortic arch anomalies,'' and ''vascular ring.'' screenings, six cases referred because some parental risk factors were present, and 20 cases in which the 3VT view was abnormal and DAA or RAA was suspected. Of the 30 fetuses, 28 were confirmed with postnatal records, and two cases were confirmed at autopsy. The mean gestational age at diagnosis was 22.5 weeks (range, 18-25 weeks; median, 23 weeks). Mean follow-up time after birth was 28 months (range, 1-50 months; median, 35 months). Ultrasonic and clinical characteristics of 30 fetuses with aortic arch anomalies appear in Table 1 .
The echocardiographer made the diagnosis of ''normal'' for 300 cases among the total 330 fetuses using the 2D or 3D modality, respectively. For DAA fetuses, the 3D modality made the correct diagnosis in all four cases, while the correct diagnosis was made in three of four patients using the 2D method. The aortic arch position, the course and branching of the bilateral arches, and the spatial relationship of the great arteries are demonstrated by the 3D modality, shown in Figure 5 .
In one case, DAA was misdiagnosed as RAA with MIB using the 2D modality. A tiny branch was visualized arising from the ascending aorta in the 3VT view. This branch looked like it was coursing its way toward the left side. In fact, this tiny branch was a dysplastic left arch, with its confluence to the descending aorta hardly seen. The 3D modality shows the bilateral arch and their neck arteries; thus, the correct diagnosis was made ( Figure 6 ).
For fetuses with RAA, the 3D modality made the correct diagnosis in 20 of the 21 cases; in one case ALSA was not detected. The rightsided arch position was defined in all 21 cases. In comparison, the arch position was correctly identified in 20 cases using the 2D modality, as one case of RAA with MIB was recognized as DAA. In addition, ALSA was not identified in six of 18 fetuses of RAA with ALSA using the 2D modality. Figure 7 shows the 3D images of fetal RAA with ALSA. The aortic arch position could be determined at the transverse slices, while the origin of ALSA from the Kommerell diverticulum (KD) was demonstrated by both coronal slices and the 3D rendered image. Figure 8 shows the 3D images for a fetus with RAA with MIB, in which the arch position and branches were identified by transverse and coronal TUI slices, respectively. The 3D color-rendered image provided anatomic information of origin and course of all the brachiocephalic arteries in space.
In the case of the retroesophageal aortic arch (also referred to as RAA with left descending aorta), the echocardiographer only found a U-shaped loop in an oblique transverse view and made a diagnosis of RAA using the 2D modality ( Figure 9A ). For the 3D method, the transverse TUI slices ( Figure 9B ) demonstrated that the aortic arch was on the right side of the trachea, while only parts of the arch could be shown in all slices. In comparison, the coronal slices ( Figure 9C) show evidence supporting the diagnosis of retroesophageal aortic arch, as the arch is visualized crossing the midline to the left. The origin of ALSA from the KD together with its course could be also shown in the coronal slices and the 3D color-rendered image ( Figure 9D ). Postmortem findings ( Figure 9E) showing the retroesophageal aortic arch and its branches confirmed the prenatal diagnosis.
For fetuses with LAA with ARSA, three of the four cases were identified using the 2D method, while all cases were successfully diagnosed using the 3D modality. Figure 10 shows a case of LAA with ARSA in which the retroesophageal RSA could be seen in the 3VT view. The 3D modality could better show the origin and course of the ARSA compared with the 2D modality. It was notable that 22q11 microdeletion was found in the case of LAA with ARSA complicated by tetralogy of Fallot. Inter-and intraobserver agreement was excellent in the evaluation of abnormal arch position, abnormal brachiocephalic arteries, and aortic arch anomalies for the two modalities ( Table 2 ). The 3D modality provided better sensitivity and accuracy over 2D images for detection of brachiocephalic anomalies (P < .01) and arch anomalies (P < .01) but comparable sensitivity for the arch position. No differences in specificity were noted for both modalities. For the 3D modality, the mean times for volume postprocessing and analysis were 11.5 6 3.3 and 12.4 6 4.8 min for normal and abnormal fetuses, respectively.
DISCUSSION
In this retrospective study, 3D STIC imaging with offline analysis was more consistent for correctly diagnosing brachiocephalic abnormalities and aortic arch anomalies. With traditional 2D sonography, the aortic arch position relative to the trachea can be seen in a 3VT view. 8 It is an upper transverse thoracic plane (Figure 11 ) sectioned across the ductus, aortic arch, and their confluence. The transverse section of trachea is also shown in this plane. The ductus and aortic arch are arranged in a V shape with its vertex on the left side of the trachea when normal. In the case of RAA, the trachea is located between the right-sided arch and left-sided ductus, forming a U-shaped loop, which can be easily discerned. Color Doppler and HDFI is helpful for enhancing morphologic information, determining blood direction, and showing abnormal vessels.
The recently proposed 3D STIC technique offers another method for fetal echocardiography in which the aortic arch position can be consistently shown in 3D reconstructed transverse slices, and these findings are comparable with 2D findings. In addition, the coronal 3D slices could show the position of aortic arch in comparison with the midline, which is useful in the diagnosis of retroesophageal aortic arch.
When a right-sided arch is identified, another scan above the 3VT view is needed to determine aortic branching patterns. Usually, a vessel can be visualized arising from the left side of the ascending aorta. It may course its way to the left arm, go upward and leftward, or dive posteriorly to the descending aorta. Continuous scanning around this vessel to find its course and destination helps make a diagnosis of RAA with ALSA, RAA with MIB, and DAA. However, the examination requires considerable expertise. In contrast, 3D reconstructed coronal sections show the origin of neck arteries slice by slice. With transverse slices, the examiner can diagnose RAA and DAA and allow early therapeutic decisions. Because a complete vascular ring is formed in DAA, a surgical procedure is generally required 12 ; however, according to the literature, 96% of RAA neonates are asymptomatic [13] [14] [15] and need no special clinical management in infancy.
In the present study, the most common anomaly was RAA with ALSA. The proximal part of the ALSA is wide and carries blood from the ductus to the descending aorta. The dilated proximal area of the ALSA or the aortic KD may pulsate on the posterior aspect of the trachea and esophagus. In our study, one patient had symptoms of tracheal compression in infancy caused by the KD. ALSA is clinically relevant to a patient's long-term cardiology history. The KD is reported to be present in all adult patients with RAA with ALSA diagnosed by routine computed tomographic examinations. Symptoms of compression and cystic medial necrosis of the KD wall may develop in the elderly, a time when aneurysmal diseases develop. 17 ARSA is another common abnormal aortic branching pattern. Rembouskos et al. 7 indicated that ARSA was frequently related to trisomy 21 and associated with other CHDs. The presence of ARSA may indicate that chromosomal investigations are needed. However, no chromosomal disorders were found in the four fetuses with ARSA in our study, perhaps because of the small sample size.
Although it is important to identify aberrant subclavian arteries as described above, detection of these variants is not satisfactory with conventional 2D imaging. Thus, oblique transverse scanning intensively around the 3VT is needed to find aberrant vessels, but detection may be affected by the angle of the sound beam. Bravo's group 3, 18 proposed a scanning procedure in which a subclavian artery view was added to the 3VT view to improve detection of these variants. We speculate that a coronal plane sectioned from the proximal aspect of the descending aorta may better show the origin and course of aberrant subclavian arteries, although scanning requires expertise. The 3D modality addressed this issue and offered better identification of abnormal brachiocephalic arteries. STIC volumes acquired in the parasagittal views allowed plane retrieval showing the course of brachiocephalic arteries. Also, ARSA and ALSA were consistently diagnosed in reconstructed coronal slices. In addition, 3D color-rendered images better visualized the aortic arch and its branches in space, presenting a more complete picture with enhanced depth perception. Three-dimensional images could be training sets for inexperienced sonographers to learn anatomy in complex CHDs. They could also be used to improve consultations with obstetricians, parents, and cardiothoracic surgeons.
Because 3D image volume processing may be challenging for examiners, we propose a novel algorithm for volume postprocessing. By moving the reference point and rotating images 90 in STIC volumes, a standard coronal plane sectioned from the proximal region of the descending aorta can be obtained, and 3D reconstruction can be done without difficulty. The left/right orientation in the 3D-rendered images and TUI slices is determined according to our standard protocol for volume analysis. Because the perspective of the 3D-rendered images was posterior/anterior, there was a better presentation of the descending aorta and brachiocephalic arteries. The interference of cardiac flow was avoided as much as possible when visualized from the back of the heart.
It is not practical to perform volume acquisition for every fetus, but it is possible to perform a 3D STIC scan when cardiac anomalies are suspected. In our experience, STIC acquisition is easy to master after a short lesson, and no additional time beyond a scheduled 30-min slot was needed to perform volume acquisition for the fetus in the second trimester, whether normal or with CHD. Volume postprocessing is time consuming and requires expertise, but the time commitment and difficulty can be reduced using a standardized algorithm. The 3D STIC technique offers a more accurate diagnosis than 2D imaging, and it is feasible to incorporate the new technique into future fetal echocardiographic examinations.
Study Limitations
A major limitation of this work was that all comparisons were echocardiographic, and there was no confirmation with another imaging modality in most cases. Using postnatal echocardiography as the truth standard might cause verification bias. This study was also limited by being a single-center retrospective review. The results of this study were dependent on the experience of the examiners. When critical information was not presented in the videos, detection of cardiac anomalies using the 2D modality could be underestimated, but all examinations were performed by echocardiographers with >5 years of experience, and they were familiar with anatomic and embryonic characteristics of aortic arch anomalies. For each case, many videos were created, suggesting that detailed scanning was performed.
The fetal aortic arch anomaly cases included were relatively small. The large number of normal cases relative to the small number of abnormal cases may have affected the relative values of our sensitivity and specificity assessments. Fetuses with no 3D volumes were excluded, which may cause potential selection bias. We had referral bias because our study population only included referred cases due to suspicion of RAA or DAA by obstetricians. Thus, some malformations may be missed, and this may explain low proportions of RAA with MIB in our study compared with the incidence in previous reports. 1, 14 We should be able to address these limitations in a large prospective multicenter study in the future, confirming the value of the 3D STIC modality for findings fetal aortic arch anomalies.
CONCLUSION
We propose a novel algorithm for 3D STIC volume analysis that allows the identification of aortic arch position and branching patterns using a 3D modality. The 3D STIC technique increased the sensitivity of fetal echocardiography for detecting arch anomalies, and this was highly reproducible.
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